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Available online 22 January 2016Protein function is frequently modulated by post-translational modiﬁcations of speciﬁc residues. Cytochrome c,
in particular, is phosphorylated in vivo at threonine 28 and serine 47. However, the effect of such modiﬁcations
on the physiological functions of cytochrome c – namely, the transfer of electrons in the respiratory electron
transport chain and the triggering of programmed cell death – is still unknown. Here we replace each of these
two residues by aspartate, in order to mimic phosphorylation, and report the structural and functional changes
in the resulting cytochrome c variants. We ﬁnd that the T28Dmutant causes a 30-mV decrease on the midpoint
redox potential and lowers the afﬁnity for the distal site of Arabidopsis thaliana cytochrome c1 in complex III. Both
the T28D and S47D variants display a higher efﬁciency as electron donors for the cytochrome c oxidase activity of
complex IV. In both proteinmutants, the peroxidase activity is signiﬁcantly higher, which is related to the ability
of cytochrome c to leave themitochondria and reach the cytoplasm.Wealso ﬁnd that bothmutations at serine 47
(S47D and S47A) impair the ability of cytoplasmic cytochrome c to activate the caspases cascade, which is essen-
tial for triggering programmed cell death.
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Post-translational modiﬁcations of proteins are relevant regulatory
mechanisms to control an ample set of cell metabolic processes. One
of the most usual modiﬁcations is phosphorylation. Besides the con-
comitant change in electrostatics, phosphorylation may alter the struc-
tural features of proteins [1] and affect the interactions with their
partners [2]. Phosphorylation is modulated by kinases and phospha-
tases, which are regulated by redox signaling [3–5]. The latter is impor-
tant in the context ofmitochondria,which constitute themain source of
reactive oxygen/nitrogen species (RNOS) in the cell [6].p-7-amino-4-methylcoumarin;
ytochrome bc1 complex; Cyt c,
oxidase; CD, circular dichroism;
panesulfonate; CL, cardiolipin;
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tic mobility shift assay; ETC,
etate; HEK, human embryonic
cular dynamics; NMR, nuclear
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-tetraoleoylcardiolipin.Cytochrome c (Cyt c) is a small soluble heme-protein localized in
the mitochondrial intermembrane space under homeostatic condi-
tions [7]. It takes part in the electron transport chain (ETC), carrying
electrons from the cytochrome bc1 complex (Cyt bc1) to cytochrome
c oxidase (COX). Recently, nuclear magnetic resonance (NMR) and
computational data revealed that cytochrome c1 (Cyt c1), a subunit
of Cbc1, has two binding sites for Cyt c. The ﬁrst site – the so-called
proximal site – is located near the heme and is compatible with elec-
tron transfer. The second site – the so-called distal site – lays far from
the heme and it has been proposed to be a local energy minimum in
the restrained Cyt c diffusion pathway towards COX [8,9]. Notably,
Cyt c also interacts with two binding sites on COX [9]. However, the
surface regions on Cyt c responsible for binding to Cyt c1 [8,9] and
COX [10] are different. Under severe oxidative stress conditions, Cyt c
exitsmitochondria and acts as a programmed cell death (PCD) inductor
by interacting with several proteins in the cytoplasm and the nucleus
[11–15]. The ﬁrst reported cytoplasmic interaction of Cyt c was with
the apoptosis protease activation factor-1 (Apaf-1), which is responsi-
ble for the apoptosome assembly and subsequent activation of caspases
[16,17]. The apoptosis-inducing form of Cyt c has been suggested to be
membrane-bound [18–21]. Indeed, a substantial population of Cyt c is
bound to cardiolipin (CL) in the mitochondrial inner membrane [22].
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allowing the entry of a hydrogen peroxidemolecule [26]. This enhances
the peroxidase activity of Cyt c [19,27], so favoring CL oxidation and the
release of Cyt c to the cytosol [28,29]. Both functions are regulated by
post-translationalmodiﬁcations, such as nitration [30–32] or phosphor-
ylation [33–35].
Phosphorylation of Cyt c accompanies several pathological situa-
tions, including ischemia or cancer [36,37]. In vivo, Cyt c is phosphor-
ylated in Tyr48 and Tyr97 [33,35]. Tyrosine phosphorylations of Cyt c
have been classically studied by Tyr to Glu mutation [38,39]. Howev-
er, this change causes a substantial decrease in the residue volume
and surface area. To solve this problem, a new approach based in
the Evolved tRNA Synthetase Technique has been lately published
[40]. Recently, two additional phosphorylation sites at Thr28 and
Ser47 have been reported in the human skeletal muscle [41]
(Fig. S1A). Nonetheless, how these modiﬁcations affect the structure
and the function of Cyt c remains unclear. The difﬁculty of the analysis is
that the speciﬁc Cyt c-phosphorylating kinase remains unknown and
isolated Cyt c does not preserve the in vivo phosphorylation at these
positions.
In this work, we analyze two phosphomimetic mutants of human
Cyt c in which Thr28 or Ser47 are replaced by aspartate (T28D and
S47D, respectively). For comparative purposes, two other mutants
at the same positions (T28A and S47A) were analyzed to differenti-
ate the effects due to the presence of a negatively charged residue.
We show that none of these amino acid substitutions affect the over-
all structure of Cyt c. However, the T28Dmutation alters the ability of
Cyt c to bind to the distal site of Arabidopsis thaliana Cyt c1 and di-
minishes its redox potential, whereas its oxidation in vitro by COX
becomes more efﬁcient. In addition, mutations on Ser47 affect the
functionality of Cyt c in terms of peroxidase activity and ability for
caspase activation.
2. Materials and methods
2.1. Site-directed mutagenesis, protein expression and puriﬁcation of
recombinant proteins
Genetic manipulations were performed on a pBTR-1 plasmid
(pCytcWT) comprising the CYCS and CYC3 genes, coding for human
Cyt c and the yeast Cyt c heme lyase, respectively. The last enzyme
is required for the proper cytoplasmic maturation of human Cyt c.
Endogenous c-type cytochromes in Escherichia coli are usually
exported to the periplasm space. However, the sequences of the
above recombinant gene lacked topogenic sequences, thereby
avoiding the export of the gene products to periplasm. Then, the
resulting proteins were located in the bacterial cytoplasm. The se-
lectable marker of pCytcWT was a cassette that conferred ampicillin
resistance to cells containing this plasmid [42]. pCytcWTwas mutat-
ed by replacing the ACC triplet coding Thr28 and GGC triplet coding
Ser47 in CYCS gene – coding Cyt c – with GAT to obtain T28D and
S47D, and with GCG to T28A and S47A mutants, respectively. For
this purpose, the one-step mutagenic PCR with Accusure™ DNA Po-
lymerase (Bioline) was used following manufacturer's instructions.
E. coli DH5α was used as a host in all cloning procedures. Plasmid
DNA was transferred to E. coli strain following the standard heat-
shock transformation method. In all cloning procedures involving
PCR ampliﬁcation, the sequences of the ampliﬁed fragments were
checked with the aid of a commercial sequencing service (StabVida,
Caparica, Portugal). The new plasmids, containing the mutated se-
quences, were called, pCytcT28D, pCytcS47D, pCytcT28A and
pCytcS47A. The primers for mutagenic PCR were the following ones:
5-AAACACAAAGATGGTCCCAAC-3 (pCytcT28D forward);
5-GTTGGGACCATCTTTGTGTTT-3 (pCytcT28D reverse);
5-AAACACAAAGCGGGTCCCAAC-3 (pCytcT28A forward);5-GTTGGGACCCGCTTTGTGTTT-3 (pCytcT28A reverse);
5-CCGGGCTACGATTACACGGCG-3 (pCytcS47D forward);
5-CGCCGTGTAATCGTAGCCCGG-3 (pCytcS47D reverse);
5-CCGGGCTACGCGTACACGGCG-3 (pCytcS47A forward);
5-CGCCGTGTACGCGTAGCCCGG-3 (pCytcS47A reverse).
In order to obtain the four human Cyt cmutants T28D, S47D, T28A
and S47A, E. coli BL-21 (DE3) cells were transformed with the plas-
mids pCytcT28D, pCytcS47D, pCytcT28A and pCytcS47A, respective-
ly. Cells were cultured for 24 h at 30 °C and 150 rpm in LB rich media
supplemented with ampicillin and δ-aminolevulinic acid at ﬁnal
concentrations of 0.1 mg mL−1 and 0.1 mM, respectively. Cells
were collected by centrifugation (9,000g for 10min), and then resus-
pended in 1.5 mM borate buffer pH 8.5 (10mL of buffer per 1 L of cul-
ture), supplemented with 1 mM PMSF, 0.02 mg mL−1 DNase and
0.2 mg mL−1 lysozyme. The cytoplasmic fraction was obtained by
sonication on a BRANSON Digital Soniﬁer® cell disrupter. The cells
were intermittently sonicated on ice for 30 s with 60 s allowed for
cooling and a 40% vibration amplitude. The total sonication time
was 4 min. The resulting suspension was centrifuged at 20,000g for
15 min. Then, the supernatant was collected and loaded onto a
carboxymethyl cellulose ion exchange column (Sigma® C-4146)
pre-equilibrated with 1.5 mMborate buffer pH 8.5. The different mu-
tants of Cyt cwere eluted from the column along a 36–360 mM NaCl
gradient and tested by UV–Vis spectrophotometry in a Jasco V-650
apparatus. The A280/A550 ratio of the resulting Cyt c preparations in
the reduced state was ca. 1.0, as previously described [30]. Tryptic di-
gestion and MALDI-TOF analysis (Brüker Daltonics, Germany) con-
ﬁrmed the molecular mass and the different substitutions for each
mutant. Protein concentrations were determined by visible spectro-
photometry, using an extinction coefﬁcient of 29 mM−1 cm−1 at
550 nm wavelength for the reduced Cyt c species.2.2. Circular dichroism spectroscopy
All circular dichroism (CD) spectra were recorded using a Jasco J-
815 spectropolarimeter equippedwith a Peltier temperature-control
system. CD intensities are presented in terms of molar ellipticity
[θmolar] using molar protein concentration [43]. The secondary struc-
ture analyses were carried out by recording far-UV CD spectra
(185–250 nm) at 25 °C in a 1-mm quartz cuvette. Samples contained
3 μM protein in 10 mM sodium phosphate pH 6.5, supplemented
with 10 μM potassium ferricyanide. For each sample, 20 scans were
averaged and analyzed using the CDpro software package [44,45]
with the SMP50 and SP37A reference set, as well as with the CLSTR
option to compare with a set of proteins with similar folds.
The coordination of the heme iron atom to the Sδ atom of Met80 –
the sixth axial ligand of heme group – was analyzed by visible (B-
band) recording visible CD spectra (300–600 nm) at 25 °C in a 10-
mm quartz cuvette, as previously reported [46]. Samples contained
30 μM protein in 10 mM sodium phosphate pH 6.5, supplemented
with 100 μM potassium ferricyanide.
Thermal unfolding was monitored between 20 and 105 °C (with a
heating rate of 1 °C/min) by recording the CD signal at far-UV in a 10-
mm quartz cuvette. For these assays, the oxidized Cyt c species were
at 3 μM ﬁnal concentration in 10 mM sodium phosphate pH 6.5 sup-
plemented with 10 μMpotassium ferricyanide. Changes in the tertia-
ry structure of the protein upon increasing the temperature were
simultaneously monitored by measuring the changes in total ﬂuo-
rescence at 270 nm excitation wavelength, which are attributed to
the exposure of Trp59 to the solvent [47]. The sample mixture
contained 30 μM Cyt c in 10 mM sodium phosphate pH 6.5 and
100 μM potassium ferricyanide. The experimental data were ﬁtted
to a two state native-denatured equilibrium model.
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The coordination of the heme group of Cyt cwas analyzed by moni-
toring the absorption changes at 699 nm, indicative of the heme Fe–
Met80(Sδ) bond [48]. Electronic absorption spectra were recorded in
the 600–750 nm range, using a Jasco V-650 spectrophotometer in a
1 mL quartz cuvette with a path length of 10-mm, as previously pub-
lished [30]. Samples contained 0.2mMoxidized Cyt c in 10mM sodium
phosphate pH 6.5, supplemented with 0.2 mM potassium ferricyanide.
For pH titration studies, the pH of each sample was adjusted to the re-
ported values by adding aliquots of 0.1–0.5 M NaOH or 0.1–0.5 M HCl.
The full data set was ﬁtted to the Henderson–Hasselbalch function to
obtain the pKa values.
2.4. Potentiometric measurements
The midpoint reduction potentials (E'0) of the Cyt c species were
determined as described previously [49]. We measured the differen-
tial absorbance at 550–556 nm in a diode-array spectrophotometer
(Hewlett Packard 8452 A) and monitoring the redox potential with
a Pt–Ag/AgCl combined electrode (Microelectrodes, Inc.) under
argon atmosphere. The reaction mix (a volume of 2.5 mL) contained
10 μM Cyt c in 50 mM sodium phosphate pH 7, supplemented with
50 μM sodium ascorbate to fully reduce the protein. Quinhydrone
(E'm,7 = +280 mV) was used as a reference compound.
2.5. Calorimetry measurements
Isothermal titration calorimetry (ITC) experiments were performed
using an Auto-ITC200 microcalorimeter (MicroCal, GE Healthcare)
at 25 °C by titrating Arabidopsis thaliana Cyt c1 on human Cyt c spe-
cies. To avoid additional heat coming from the electron transfer pro-
cess and redox mediator equilibria, the two samples were reduced
and dialyzed against the same buffer before the experiment. The ref-
erence cell was ﬁlled with distilled water. The experiments consisted
of 2 μL injections of 0.4 mM Cyt c solution in 10 mM potassium phos-
phate buffer pH 7.4 into the sample cell initially containing 20 μMCyt
c1 solution in the same buffer. All solutionswere degassed before the ti-
trationswere performed. Titrant was injected at appropriate time inter-
vals (150 s) to ensure the thermal power signal returned to the base line
prior to the next injection. To achieve homogeneous mixing in the cell,
the stirring speedwas kept constant at 1,000 rpm. The data, speciﬁcally
the heat per injection normalized per mol of injectant versus molar
ratio, were analyzed with Origin 7 (OriginLab) using a two-site binding
model with distinct afﬁnity for each site, as recently reported for the
Arabidopsis thaliana Cyt c1-Cyt c complex [8]. Calibration and perfor-
mance tests of the calorimeter were carried out conducting CaCl2-
EDTA titrations with solutions provided by the manufacturer.
Differential scanning calorimetry (DSC) analyses were performed
in a nano DSC (TA instruments) calorimeter. To ensure equilibrium
reversibility, 25 μM Cyt c samples were prepared in 50 mM glycine
buffer, pH 3.5. A temperature interval from 25 to 100 °C was swept
at 1 °C min−1 rate in every experiment. Data were analyzed by
using Nanoanalyze software (TA instruments).
2.6. Liposome preparation and binding experiments
In order to analyze the interaction of Cyt c with cardiolipin (CL),
small unilamellar liposomes were formed by sonication in 25 mM
HEPES buffer pH 7.4. Liposomes were prepared from 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 1,1′2,2′-tetraoleoylcardiolipin
(TOCL) (4:1 ratio) or DOPC alone (manufactured by Avanti Polar
Lipids®).
Cyt c:CL binding assays were performed as previously described [27]
withminormodiﬁcations. Cyt c and liposomeswere incubated at differ-
ent ratios for 1 h in 25 mM HEPES buffer pH 7.4. The samples wereapplied onto 0.8% agarose gel and the electrophoresis was run for
90 min at 50 V in non-denaturing 35 mM HEPES buffer pH 7.4. Gels
were stained for protein with 0.25% Coomassie Brilliant Blue R-250 in
45% methanol and 10% acetic acid.2.7. Peroxidase assays
Peroxidase assays of Cyt c were performed as previously described
[27]. DOPC:TOCL liposomeswere incubated for 1 h at room temperature
with Cyt c in a ratio 1:100 (w/w) (Cyt c:liposomes) in 20 mM HEPES
buffer pH 7.4. After the incubation, and immediately before starting
the measurement, 5 μM of 2′,7′-Dichloroﬂuorescein diacetate (H2DCF)
and 100 μMhydrogen peroxidewere added to the samples. DCFﬂuores-
cence increment was measured for 30 min using an excitation wave-
length of 502 nm and emission of 522 nm (with a slit of 5 nm in both
cases) in a Cary Eclipse (Varian) ﬂuorescence spectrophotometer, esti-
mating the peroxidase activity as the slope of ﬂuorescence increment.
To test the basal peroxidase activity of Cyt c, control assayswithout lipo-
somes were also performed.2.8. Caspase activation assays
In vitro activation of caspases was achieved as formerly described
[50] with slight changes. Cytoplasmic cell fractions devoid of intrinsic
Cyt c of human embryonic kidney 293 (HEK 293)were obtained as pre-
viously described [38] with minor modiﬁcations. After trypsinization,
cells were collected by centrifugation (2,000g for 5 min). Pellets were
washed twice with PBS and one wash with cell extract buffer (CEB:
20 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM
EGTA, 1 mM dithiothreitol, 100 μM PMSF). After these washes, cells
were again collected by centrifugation (2,000g for 5 min) and pellets
were resuspended with two volumes of CEB and were transferred to a
Dounce homogenizer. The cell solution was incubated for 15 min at
4 °C. Subsequently, cells were disrupted by 30 strokes with a tight
pestle. Lysates were centrifuged at 15,000g for 15 min at 4 °C to re-
move nuclei and organelles. Protein concentration of the extracts
was measured using the Bradford protein assay (Bio-Rad, Hercules,
CA). 100 μg of cytoplasmic cell fractions was incubated with 1 μM
of reduced Cyt c species for 60 min at 37 °C in a total volume of
25 μL with 25 mM KCl, 0.2 mM DTT and 0.2 mM dATP. After the incu-
bation, 180 μL of buffer A [10 mM HEPES, pH 7.0, with 50 mM NaCl,
40 mM β-glycerophosphate, 2 mM MgCl2, 5 mM EGTA, 0.1 mg mL−1
bovine serum albumin, and 0.1% (w/v) 3-[3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS)], supplemented with
10 μM of acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (Ac-
DEVD-AMC), a ﬂuorescent substrate speciﬁc for caspases 3/7, was
added to the reactionmixture andmeasured immediately. The increase
in ﬂuorescence resulting fromAc-DEVD-AMC cleavagewas determined
in a Cary Eclipse (Varian) ﬂuorescence spectrophotometer (optical slits
of 5 nm), using an excitation wavelength of 360 nm and an emission
wavelength of 460 nm. Experimental data were derived from the aver-
ages of at least three independent experiments.2.9. Cytochrome c oxidase measurements
To assess the functionality of phosphomimicking Cyt c species,
we tested their ability to reduce bovine COX in vitro using a COX ac-
tivity kit (Sigma®). The activity was measured spectrophotometri-
cally in a Jasco V-650 spectrophotometer according to the
manufacturer's instructions. The initial slopes of at least three inde-
pendent kinetic traces monitored at 550 nm were measured, and
their average was taken as a value for COX activity in terms of Cyt
c oxidation rate.
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Molecular dynamics (MD) computations were performed using the
AMBER12 package [51] and the AMBER 96 force ﬁeld [52]. All calcula-
tions were run under periodic boundary conditions using an ortho-
rhombic (minimum distance between protein and cell faces was
initially set to 10 Å) cell geometry and particle mesh Ewald (PME) elec-
trostatics with an Ewald summation cutoff of 9 Å. Autenrieth's force
ﬁeld parameterswere used for the oxidized hememoiety [53]. The crys-
tallographic coordinates of human Cyt c, including water molecules
[pdb code 3zcf] [54] were the starting structure for simulations of the
WT species, and the template to model the single-amino acid modiﬁca-
tions. Chloride counter-ions were added to neutralize charges. Energy
minimization, temperature equilibration, production runs and trajecto-
ry analyses were performed as described previously [39,55].
3. Results and discussion
3.1. Physicochemical properties of WT and mutant cytochrome c species
To understand how phosphorylation at positions 28 and 47 af-
fects the properties of Cyt c, we have resorted to substitute the corre-
sponding amino acid by aspartate, which mimics the charge change
induced by post-translational modiﬁcation. All mutants showed the
typical visible spectra of c-type cytochromes (Fig. S1B). To conﬁrm
the different mutations, the modiﬁed Cyt c species were puriﬁed to
homogeneity (Fig. S1C) and their molecular mass was compared to
that of WT Cyt c by MALDI-TOF (Fig. S1D). To check whether the
amino acid substitutions affected the secondary structure, we re-
corded CD spectra of every mutant in the far-UV region. All the mu-
tants conserved the overall secondary structure of Cyt c, as inferred
from the far-UV CD spectra, although the random fraction increased
in the case of S47A mutant (Fig. 1 top, Fig S2).Fig. 1. Far-UV (top) and visible CD spectra (bottom) ofWT and phosphomutant species of Cyt c
measurements were recorded on oxidized protein samples.In the native form, the heme iron of Cyt c is hexacoordinated, His18
andMet80 providing theﬁfth and sixth ligands, respectively [56]. Subtle
changes in the heme crevice are able to affect the heme properties.
Hence, we recorded visible CD spectra in the Soret region to detect
changes in the heme iron coordination [57]. All species, except S47A
mutant, showed the distinctive CD spectrum for Cyt c state III, with a
maximum at 410 nm corresponding to the B-band [58] (Fig. 1 bottom).
The splitting observed in this B-band is due to internal electric ﬁeld of
the protein, and it is usually observed in low-spin cytochromes [59]. In-
terestingly, T28D mutant showed a lower amplitude of the B-band,
which is attributed to a Stark effect that depends on the orientation of
the internal electricﬁeldwith respect to the axes deﬁned by the equato-
rial ligands. T28D mutation locates at the rim of the heme cleft, intro-
ducing a negative charge in the vicinity of the delta-meso position
[60]. Such B-band splitting was fully lost in the S47A mutant. To assess
this behavior of the mutation by alanine at position 47 and to compare
it to theWTprotein,molecular dynamics (MD) computationswere per-
formed on the native WT and S47A species. In agreement with UV-CD
data, the structure is maintained along both, WT and S47A computa-
tions. The average of the root mean square deviation (RMSD) values
for the protein main chain atoms with respect to the energy minimized
structure were 0.83 Å and 0.79 Å, respectively. The backbone RMSD be-
tween the two average structures was 0.27 Å. Still, surface sidechains
changed slightly: Both proteins showed 17 salt bridges, but 3 of them
were different. Glu104-Lys100, Glu90-Lys13 and Glu4-Lys100 were ob-
served in theWT form but not in the mutant. Conversely, Glu66-Arg91,
Glu69-Lys88 and Glu4-Lys5 appeared in the S47Amutant, but were not
detected in the WT species.
As regards atomic ﬂuctuations, the overall statistics were almost
identical for the two proteins even when computed for all atoms
(Fig 2). In fact, their average values were equal, according to t-Student
tests at 0.95 signiﬁcance. However, several atoms changed their dynam-
ic behavior. Among them, the sidechains of Lys53, Asn54, heme. The T28D, T28A, S47D and S47A variants were analyzed in comparisonwithWT Cyt c. All
Fig. 2. Atomic ﬂuctuations of WT and S47A Cyt c species along MD trajectories. Left. Overlay of the frequency distributions of the atomic root mean square ﬂuctuations (RMSF) obtained
from the analysis of the WT and S47A Cyt c. Bars corresponding to WT Cyt c are in gray. To allow comparison of frequency distributions between WT and mutant species, bars
corresponding to the S47A Cyt c are in translucent pattern and overlaid onto the WT ones. Inserted in this panel an overlay of the average structures of WT and S47A species, displays
all their heavy atoms. Color scales from ﬁrst (blue) to 99 (red) percentiles of the frequency distribution. White color corresponds to the median value. Right. Detail of the backbone
and heme moiety of the two proteins, colored as in the inset of left panel.
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in the mutant. In addition, the atomic ﬂuctuations of Arg38 sidechain
did not change substantially, but the rotation of its guanidinium group
– located 6 Å from heme propionate 7 carboxyl – was impaired
(Fig. S3). Actually, its order parameter increased from 0.14 in the WT
to 0.39 in the mutant, and the correlation time rose from 117 ps to
281 ps. The disturbance of the hydrogen bond between heme propio-
nate 7 and ε-amide of Arg38 have been previously described in G41S
mutant of Cyt c [59].
To ﬁnd a correlation between the amino acid substitution and the
loss of the CD B-band splitting, we carried out a principal component
analysis of the trajectory (Fig. S4). The S47A mutation clearly affected
the coupling between the ﬂexible regions motions, namely the nested
Ω loop (residues 40–57), the foldon II Ω loop (from Thr19 to Phe36)
and theΩ loop of foldon IV (containing Met ligand). The second princi-
pal component revealed a coupling between the motions of heme pro-
pionate 7, porphyrin ring A, and the nested Ω loop that contains the
mutated residue, a ﬁnding that is not observed in the WT form. Alto-
gether, these data suggest that the loss of the B-band splitting is due
to a change in the motion modes rather than to a substantial structural
change.
The oxidized form of Cyt c can show distinct conformations along
the pH range from 1 to 12, which result from changes in heme axial
coordination and/or in protein folding [61]. The transformation of
the physiological state III into state IV upon a pH increase is called al-
kaline transition [62] and involves a replacement of Met80 as axial li-
gand by Lys72, Lys73 or Lys79 [63,64]. As this transition has been
related to a change in the Cyt c cell location [65], we tested whether
any of the mutations affected the pKa of this transition by inspecting
the charge transfer band at 699 nm [66]. The pKa values ofWT Cyt c is ca.
9.5 [30]. The phosphomimicking Cyt c species in Tyr48 decreases the
pKa to a physiological value [39,40]. Opposite, the pKa for the alkaline
transition proved to be insensitive to the mutations of residues 28 and
47 (Table 1, Fig. S5). This is in agreement with the orientation of the
side chains of alanine and aspartate at these positions, which point
both outside the protein (Fig. S1A) and do not affect the H-bondTable 1
Biophysical properties of Cyt c phosphomutants.
Alkaline transition
pKa values⁎
Midpoint redox potential
values (E'0, mV)
WT 9.5±0.229 266.5±2.048
T28D 9.9±0.2 233.1±0.7
T28A 8.9±0.1 253.5±0.8
S47D 9.2±0.1 255.5±1.2
S47A 9.1±0.0 255.5±0.6
⁎ Values determined by optical spectroscopy (A699nm).network around the heme moiety. Alkaline transition was reversible
for all Cyt c samples.
3.2. Thermal stability of cytochrome c mutants
The axial ligands and the surrounding residues of the heme group
play crucial roles in conformational stability of Cyt c [67]. This relies
on the H-bonding network, steric restrictions and hydrophobic interac-
tions, among other factors. Changes in the sequence of the protein can
also induce changes in itsmidpointmelting temperature (Tm). The ther-
mal stability was studied by far-UV CD and ﬂuorescence, respectively.
Previous work of our group has described temperature-
dependent changes in the coordination of the heme group in other
phosphomimicking Cyt c mutants at position Tyr48 and Tyr97 that
affect the Tm value [39,40]. In this case, all mutants show similar Tm
values to WT Cyt c (Table 2). Still, ﬂuorescence data reveal that S47A
shows an unfolding transition with a Tm value of ca. 20 °C lower than
that of theWT species (Table 2). This indicates that themutation affects
the stability of the region surrounding Trp59, which is close to Arg38
and heme propionate 7. To dig into this subject, the thermal stability
of WT and S47A was also tested by DSC. In both cases the Tm value
was similar; however, the unfolding of the WT species was reversible
but that of the mutant was not (Fig. S6).
3.3. Interaction of cytochrome c mutants with their partners of the electron
transport chain
To study the ability of Cyt c mutants to act as electron carriers, we
analyzed the cross-interaction between Arabidopsis thaliana Cyt c1 and
human Cyt c by ITC. The overall sequence identity between the soluble
domain of human Cyt c1 and that of the Arabidopsis homolog is 62%
and, both Cyt c1, show very similar charge distributions especially at
the so-called distal site of Cyt c1 (Fig. S7). In addition, early analyses
by NMR and ITC indicate that Arabidopsis Cyt c1 shows almost identical
afﬁnities for the human and Arabidopsis Cyt c species [8,9]. As described
previously for the Arabidopsis thaliana Cyt c1-WT human Cyt c complexTable 2
Midpoint melting temperature (Tm, °C) of Cyt c phosphomutants.
Far UV CD
(220 nm)
Fluorescence
(270 nm)
WT 86.64±2.13 86.82±0.26
T28D 87.84±2.59 86.62±0.27
T28A 88.65±0.60 85.92±0.35
S47D 87.15±0.71 85.59±0.29
S47A 87.00±2.75 67.02±0.10
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the phosphomimicking Cyt cmutants over Cyt c1. In Fig. 3A, it is shown
that all the interactionswere endothermic processeswith a low dissoci-
ation constant value for the proximal site and a higher value for the dis-
tal site of Cyt c1 (Table S1). Remarkably, the dissociation constant for the
T28Dmutant over the distal site was eight times larger than for theWT
species, whereas the value in the T28Amutant perfectlymatches that of
theWT (Fig. 3A and Table S1). The effect on the interactionwith the dis-
tal site of Cyt c1, driven by electrostatic forces, could be explained be-
cause of the presence of a negative charge at this position altering the
electrostatic potential (Fig. 3B). In the case of S47A and S47D species,
both mutations cause a two-fold increase in KD values for the distal
site (Fig. S8A). Residue 47 is implicated in the interaction surface of
Cyt c1-Cyt c complex [9]. Changes in the electrostatic potential, in the
case of S47D mutant (Fig. S8B), or in solvation properties of S47A spe-
cies (Fig. S8C) explained the decrease in the afﬁnity for distal site of
Cyt c1.
Native Cyt c has two redox forms, a ferric (Fe+3) oxidized state
and a ferrous reduced one (Fe+2). The midpoint redox potential
(E'0) of this pair in human Cyt c is +260 mV at pH 7.0 [50]. Changes
in the heme moiety induced by mutations may affect the redox po-
tential value of Cyt c, thereby altering its efﬁciency as an electron car-
rier. We observed that the mutant T28D shows a signiﬁcant decrease
in its E'0 value in comparison to WT Cyt c (ca. 30 mV) (Table 1). The
drop in E'0, together with the increase in the distal site KD value –Fig. 3. ITCmeasurements of reduced T28D-Cyt c1 and T28A-Cyt c1 complexes (A) and surface ele
to a 2:1 binding model. Thermograms are shown at the upper panels and binding isotherms
assuming an ionic strength of 150 mM. The interior and exterior dielectric constants were ﬁxewhich supports the “ﬂoating boat bridge” model of Cyt c [8,9] –
could explain a lower efﬁciency as electron carrier of T28D mutant.
We analyzed the interaction with COX, the other partner of Cyt c in
the electron transfer chain, by spectrophotometric assay. This allowed
observing an increment of ca. 70% when a negative charge is present
in any of the two positions (Fig. 4). These effects on the COX activity
of mutant species suggest that these residues are implicated in the in-
teraction with COX. Notably, Sakamoto and co-workers observed a spe-
ciﬁc line broadening of Thr28 resonance for the oxidized Cyt c-COX
complex [10]. However, the authors ruled out these residues being in-
volved in the interaction between Cyt c and COX.
Thus, our results suggest that the presence of a negative charge at
position 28 of Cyt c affects its capacity to transfer electrons between
Cyt c1 and COX. In the case of the mutants at position 47 (S47A and
S47D), a negative charge in this position (S47D) increases the electron
transfer to the COX.
3.4. Peroxidase activity of cytochrome c mutants and their interaction with
cardiolipin
We have analyzed the peroxidase activity of phosphomimicking Cyt
c species, a property shared by almost all heme-proteins [68]. Some au-
thors have attributed this activity to the formation of a compound I-type
intermediatewhen Cyt c reactswith hydrogenperoxide. The peroxidase
activity was also related with the alkaline transition [69], as it involvesctrostatic potentials of the Cyt c species (B). In A, calorimetry experimental datawereﬁtted
at the lower panels. In B, the simulation was performed using DelPhi aided by Chimera,
d to 2 and 80, respectively. Arrows show the residue at position 28.
Fig. 4. COX activity of complex IVwithWT andmutant Cyt c species. The COX activity was
measured using a commercial kit (Sigma®). Data represent the mean ± SD of three
individual experiments and are normalized to the results with WT Cyt c.
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found between the populations of high-spin states and the peroxidase
activity in a recent analysis that involved tyrosine modiﬁcations of Cyt
c [30]. Recently, it has been demonstrated that Cyt c binding to
cardiolipin (CL) enhances this activity, due to a conformational change
that allows the access of hydrogen peroxide to the heme crevice [70].
In order to analyze the peroxidase activity of Cyt cmutants, we studied
this activity in the presence of liposomeswith andwithout TOCL, aswell
as the afﬁnity of the mutant Cyt c species towards liposomes. The bind-
ing of Cyt c to liposomeswas examined by electrophoreticmobility shift
assay (EMSA) in native agarose gels (Fig. 5A). As expected, free Cyt c
species moved to the cathode (Fig. 5A, ﬁrst lane), while Cyt c:liposomes
complexes migrated to the anode. To compare the binding afﬁnities of
the various Cyt c species to DOPC or DOPC:TOCL liposomes, we evaluat-
ed the free populations of Cyt c variants at different protein:lipid ratios
from the mobility proﬁles in the native gel. The EMSA data showed thatFig. 5. Liposomes-binding assays and peroxidase activity of WT and mutants Cyt c species. A) E
(4:1) or DOPC liposomeswere incubated withWT or phosphomutants of Cyt c in 25mMHEPES
Coomassie Brilliant Blue. Ratios in bold indicate the Cyt c:lipid ratio at which the peroxidase acti
(white column) or in the presence of liposomes containing a mixture of DOPC:TOCL (4:1) (
normalized to the results with relative peroxidase activity of WT Cyt c in the presence of DOPCall Cyt cmutants bind to DOPC:TOCL membranes but show small afﬁn-
ities towards DOPC liposomes. The mobility of Cyt c decreased at in-
creasing protein-to-lipid ratios, and according to the various afﬁnities
towards CL (Fig. 5A). In this regard, the mutations T28D, S47D and
S47A – but not T28A – decreased their afﬁnity for CL-containing
liposomes, as inferred by the presence of free protein at high lipid con-
centrations. Strikingly T28A and S47A mutants showed a different be-
havior in the presence of DOPC liposomes. This may reﬂect a local
change in the surface properties of these proteins.
Wemeasured the peroxidase activity of Cyt c either free or bound to
DOPC:TOCL liposomes at a 1:100 ratio (Cyt c:lipids). In the absence of li-
posomes, all the phosphomimickingmutants exhibited a peroxidase ac-
tivity twice that observed for the WT form and the control species
(Fig. 5B). The presence of DOCL:TOCL vesicles enhanced the activity of
all species, except of S47D mutant, in agreement with the distinct de-
grees of binding to CL. This explains the small activity increment
shown by the T28Dmutant, since at 1:100 ratio its free form population
is high. The low peroxidase activities of S47D and S47A mutants in the
presence of DOPC:TOCL liposomes at Cyt c:lipids ratio of 1:100 were
also explained by the decrease in the afﬁnity for CL (see gels S47D and
S47A in Fig 5A). S47A Cyt c (Fig. 5B) showed a larger afﬁnity towards
the liposomes than the S47Dmutant, especially signiﬁcant in those lipo-
somes devoid of CL. In this way, a negative charge at position 28 and 47
may produce a structural change that turns the heme groupmore acces-
sible to hydrogen peroxide, explaining the increment in peroxidase ac-
tivity in the absence of liposome, compared to WT Cyt c. However, this
change affected the interaction with CL, maybe blocking the insertion
of acyl chain of CL in the hydrophobic pockets of Cyt c (Fig. S9) thereby
decreasing the afﬁnity for the lipid and affecting the peroxidase activity
in its presence. Controls of these experiments were included in Fig. S10.
3.5. Activation of caspases cascade by cytochrome c mutants
During PCD, Cyt c is released from mitochondria and interacts with
Apaf-1 to form the apoptosome, the caspases-activating platform. We
analyzed the capacity of Cyt c species to activate caspase 3, considered
one of the central molecules in PCD, in cytoplasmic cell extract (see in-
sert in Fig. 6). A negative charge at position 28 did not affect the activity,MSA of the Cyt c species in the presence of increasing concentration of lipids. DOPC:TOCL
buffer, pH 7.4. The samples were loaded onto 0.8% agarose gel. The gelswere stainedwith
vity wasmeasured. B) Relative peroxidase activities of the Cyt c specieswithout liposomes
gray column). Data represent the mean ± SD of three individual experiments and are
:TOCL containing liposomes at a Cyt c:lipids ratio of 1:100 (w/w).
Fig. 6.Caspase activity ofWTandmutant Cyt c species. Relative caspase activity inHEK293
cytoplasmic cell extracts devoid of intrinsic Cyt c was measured upon addition of
exogenous Cyt c. The Western blots at the inset conﬁrm the lack of endogenous Cyt c in
the cytoplasmic cell extracts by immunoblotting with anti-tubulin (cytosolic marker)
and anti-Cyt c antibodies (see insert). Lane 1: cytoplasmic cell extracts; lane 2: Cyt c;
and lane 3: BSA, as negative control. The caspase auto-activation, without addition of
exogenous Cyt c, was also tested. Data represent the mean ± SD of three individual
experiments and are normalized to the results with WT Cyt c.
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Such effect is independent of the additional negative charge concomi-
tant to phosphorylation. Nevertheless, our results suggest that any
modiﬁcation of residue 47 affects the pro-apoptotic function of Cyt c.
In agreement, a recent report indicates that serine 47 of Cyt c is involved
in the interaction with several protein related to apoptosis, such as the
anti-apoptotic Bcl-xL protein [71]. Similarly, there are other residues
of Cyt c which play an essential role in apoptotic signaling, such as
Gly41 [72–75].
4. Conclusions
Hence, we show that the mutations at residues 28 and 47 keep
the overall structure of Cyt c. According to the ITC data, the
phosphomimicking mutants of Cyt c are able to bind to Cyt c1 with
a stoichiometry of 2:1. Whereas the proximal site of Cyt c1 (compatible
with electron transfer) shows a similar afﬁnity for all the species, Cyt c
docking on the electrostatically-driven distal site of Cyt c1 is substantial-
ly weakened by the presence of a negative charge at position 28 of Cyt c.
Also, the presence of a negative charge at positions 28 and 47 of Cyt c
increases the COX activity. In addition, the phosphomimicking Cyt c
species have altered the afﬁnity to CL and consequently the peroxidase
activity of Cyt c. Remarkably, the residue 47 has been revealed to be im-
portant for caspase activation, and could be a “hot point” of the apopto-
sis signaling pathway. Still, unveiling the molecular mechanisms by
which residue 47 plays this role demands further experiments.
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